The gustatory nerves of mice lacking P2X2 and P2X3 purinergic receptor subunits (P2X-dblKO) are unresponsive to taste stimulation (Finger et al., 2005) . Surprisingly, P2X-dblKO mice show residual behavioral responses to concentrated tastants, presumably via postingestive detection. Therefore, the current study tested whether postingestive signaling is functional in P2X-dblKO mice and if so, whether it activates the primary viscerosensory nucleus of the medulla, the nucleus of the solitary tract (nTS). Like WT animals, P2X-dblKO mice learned to prefer a flavor paired with 150 mM monosodium glutamate (MSG) over a flavor paired with water. This preference shows that, even in the absence of taste sensory input, postingestive cues are detected and associated with a flavor in P2X-dblKO mice.
Introduction
Feeding is a complex behavior that relies on the coordination of multiple systems. Among these, the sense of taste (gustation) plays an important role in nutrient selection. The gustatory system is crucial for the detection and consumption of palatable, calorie-rich foods, as well as for detection and rejection of bittertasting substances. However, other sensory modalities also control intake of nutrients and avoidance of toxins. In fact, flavor is not only taste but an amalgamation including olfactory and trigeminal sensory inputs (Clark and Dodge, 1955) . Thus, animals still perceive aspects of flavor even if taste is lost.
Furthermore, nutrient information about an ingested morsel involves not only taste, but also postingestive and postabsorptive systems (Berthoud, 2002) . The path that nutrients traverse from the mouth to the lower gastrointestinal tract provides numerous opportunities for postoral feedback to drive or inhibit further intake (Zheng and Berthoud, 2008) . Studies using esophageal fistulae show that animals can use digestive cues to form a food preference (e.g., prefer a flavored solution when paired with an intragastric infusion of a nutrient) (Sclafani, 1988; Lucas and Sclafani, 1989; Uematsu et al., 2009 Uematsu et al., , 2010 . Conversely, mice learn to avoid a solution paired with a gastrointestinal irritant or bitter tastant (Kulkosky et al., 1981; Glendinning et al., 2008) . Together, this suggests that the acceptance or rejection of food is based on postingestive signals as well as the detection of food molecules in the oral cavity.
Discerning the relative contributions of oral and postoral detection is difficult, as these two systems operate in tandem. Studies relying on esophageal fistulae to isolate digestive and ingestive processes are intrinsically invasive and also eliminate nongustatory oropharyngeal cues and processes. Knock-out mice lacking gustatory functions offer a means for isolating gustatory from nongustatory functions in an intact animal. The peripheral gustatory nerves of mice that lack purinergic P2X2 and P2X3 receptor subunits (P2X-dblKO) are unresponsive to taste stimulation, but are still responsive to thermal and tactile stimuli (Finger et al., 2005) . The lack of gustatory neural responsiveness in P2X-dblKO mice is paralleled by a near total loss of preference for a majority of tastes (Finger et al., 2005; Eddy et al., 2009; Hallock et al., 2009) . Despite the loss of taste, some elements of postingestive signaling in these mice appear intact , i.e., P2X-dblKO mice use postingestive cues to avoid concentrated solutions of the bitter substance denatonium benzoate, suggesting that the elimination of P2X2 and P2X3 does not interfere with postingestive detection of toxic substances.
The current study tested whether P2X-dblKO mice can form a preference for glutamate using only nongustatory signaling.
Since detection of monosodium glutamate (MSG) in the digestive tract depends on an intact vagus nerve (Uematsu et al., 2010) , we also examined nutrient-evoked brain activation in WT and P2X-dblKO mice, as measured by expression of the immediate early gene c-Fos [c-Fos-like immunoreactivity (Fos-LI)], in the nucleus of the solitary tract (nTS)-the primary sensory nucleus for both taste and viscerosensory gastrointestinal representation.
Materials and Methods

Animals
Adult P2X2/P2X3 DblϪ/Ϫ KO (P2X-dblKO, n ϭ 29) and WT control mice (P2X2/P2X3 Dblϩ/ϩ , n ϭ 32) of both sexes (25 males, 36 females; age, 100 -648 d) were used. Despite the large age range in mice, there were no outliers in either behavioral performance or c-Fos-positive cell counts. Furthermore, there was no correlation between age and number of c-Fos-positive cells labeled (r (41) ϭ 0.0038, p ϭ 0.98). These mice were generated on a mixed C57BL/6 and 129Ola background, so genetic variability existed within both P2X-dblKO and WT populations. Finally, although P2X-dblKO mice lack the ability to taste and pup mortality is high, the growth rate and body weights of these animals resemble those of WT animals (our unpublished observation). The animals were housed in a vivarium with a 12 h light/dark cycle with lights on at 5:00 A.M. Food (Teklad Global Rodent Diet #2918; Harlan) was available ad libitum throughout the course of the experiment. Water was also available ad libitum, except when noted otherwise.
All animal procedures were performed in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use Committee at the University of Colorado Anschutz Medical Campus.
Flavor preference conditioning and testing
Preconditioning water training. WT and P2X-dblKO mice (n ϭ 7 each genotype) were placed on a water-restriction schedule in which animals had access to fluids only overnight for 18 h (4:00 P.M. to 10:00 A.M.). For 2 d before conditioning, animals were given 18 h access to one bottle of deionized water. An additional empty bottle was also placed on the cage so that the animals learned to investigate both bottles. At the end of each conditioning and testing day (see below), fluid intake was recorded.
Flavor conditioning. On conditioning days (D3-D10), animals were given 18 h access to two bottles. One bottle was empty and the other contained either Kool-Aid alone (0.05% volume by weight; K alone) or a different flavor of Kool-Aid mixed with 150 mM MSG (K* ϩ MSG). The MSG was mixed with one Kool-Aid flavor (grape or cherry, n ϭ 7 each genotype) and the water was mixed with the other. Each solution (i.e., K alone or K* ϩ MSG) was presented for 4 d and presentation alternated between days such that K alone was presented on D3, D5, D7, and D9; K* ϩ MSG was presented on D4, D6, D8, and D10. Within each conditioning day, bottle placement (i.e., empty or Kool-Aid) was randomized.
Two-bottle preference testing. On D11 and D12, all animals were given two-bottle preference tests consisting of both Kool-Aid flavors alone; no MSG was added to either flavor (for timeline, see Fig. 1 B) . The preference for each Kool-Aid flavor was calculated [Kool-Aid flavor (ml)/total fluid intake (ml)]. Two approaches were used to ensure that one flavor of Kool-Aid was not inherently preferred over the other. First, before conditioning (i.e., before D1), a subset of animals (n ϭ 4 of each genotype) was given two 18 h two-bottle Kool-Aid-preference tests (with no MSG in either). There was no significant difference between volumes consumed for the different flavors of Kool-Aid (F (1,6) ϭ 0.63, p ϭ 0.46); i.e., there was no innate preference for one Kool-Aid flavor over the other. Second, we determined whether animals could lose their preference for a previously preferred flavor by giving a second subset of animals (n ϭ 3 of each genotype) additional MSG-free, two-bottle preference tests with the bottles containing Kool-Aid flavor only. These MSG-free two-bottle preference tests were repeated until all animals extinguished their preference for the conditioned flavor, further suggesting that one flavor was not naturally preferred over the other.
Flavor preference. In two separate groups, MSG was added to either grape or cherry Kool-Aid. The preference for the conditioned Kool-Aid flavor was similar between the two groups (F (1,10) ϭ 0.59, p ϭ 0.46). Therefore, these groups were combined into a single dataset.
c-Fos presurgery water restriction and tastant stimulation
To assess what brain areas were activated by MSG in WT and P2X-dblKO mice, we examined c-Fos activation in the nTS following consumption of various test solutions. Three days before tastant stimulation, mice were placed on 23 h/d water restriction. During this time, animals were given 1 h access to water at the same time each day to train animals to consume fluids in a relatively short (Ͻ1 h) period of time. On stimulation day, animals were given either deionized water (n ϭ 8 WT and n ϭ 7 P2X-dblKO) or one of two taste solutions in their home cage for 30 min. At the end of 30 min, fluid intake was recorded and animals were left undisturbed for 60 min before death.
One group received 150 mM MSG (n ϭ 6 for each genotype). Because MSG has a sodium component in addition to its primary glutamate component, an additional set of animals were given 150 mM NaCl (n ϭ 8 WT and n ϭ 6 P2X-dblKO), which contains the same amount of sodium as 150 mM MSG. To determine whether oral stimulation alone (regardless of tastant) induces c-Fos protein expression, six additional animals (n ϭ 3 of each genotype) underwent the same water restriction as experimental animals, but were left undisturbed on stimulation day.
Fluid intake was consistent across all conditions (i.e., water, NaCl, or MSG) and both genotypes (in milliliters per day: WT: water, 2.7 Ϯ 0.2; NaCl, 3.2 Ϯ 0.1; MSG, 3.1 Ϯ 0.2; vs P2X-dblKO: water, 2.9 Ϯ 0.1; NaCl, 3.2 Ϯ 0.2; MSG, 3.0 Ϯ 0.2; F (1,2) ϭ 0.88, p ϭ 0.42), indicating that any differences in c-Fos expression was not attributable to differences in the amount of tastant consumed.
c-Fos immunohistochemistry
Sixty minutes following the end of taste stimulation, animals were deeply anesthetized with sodium pentobarbital (50 mg/kg i.p., n ϭ 19; Ovation Pharmaceuticals) or chloral hydrate (400 mg/kg i.p., n ϭ 22; SigmaAldrich) and perfused transcardially first with 0.9% saline and then with 4% paraformaldehyde in 0.1 M phosphate buffer. Following perfusion, the brain was removed and postfixed in 4% paraformaldehyde with 20% sucrose overnight at 4°C. Approximately 18 h postfixation, the olfactory bulbs and brainstem were isolated, embedded in optimal cutting temperature compound (Fisher Scientific), and frozen rapidly on dry ice. Coronal sections (40 M) were cut on a cryostat and divided into a series of three adjacent sets. Sections were either reacted immediately or placed in cryoprotectant and stored at Ϫ20°C (Watson et al., 1986) for later processing. Sections stored in cryoprotectant were thoroughly rinsed in 0.1 M PBS before staining.
All steps were conducted at room temperature unless otherwise indicated. Sections were first washed in 0.1 M PBS with 0.4% Triton X-100 (PBST). Endogenous peroxidase activity in sections was quenched using 1% hydrogen peroxide. Following an additional three washes in 0.4% PBST, sections were blocked in 1% normal goat serum for 1 h and then incubated in rabbit anti-Fos (for details, see c-Fos antisera below) at 4°C for 48 -72 h.
Following incubation, the anti-Fos antibody was detected with a biotinylated goat anti-rabbit antibody (Vector BA-1000; lots #Q0923, U0702, and V0111; dilution, 1:667), followed by avidin-biotin reagent (Vector Elite kit, SK-6100; Vector Laboratories) for 1 h each. Then sections were incubated in a diaminobenzidine (0.05%) substrate with nickel intensification (0.02%, Vector SK-4100) and monitored periodically under a microscope until a dark nuclear stain was observed. For a subset of cases (n ϭ 3), omission of rabbit anti-c-Fos antibody resulted in no labeled cells (data not shown). Sections were washed with 0.02% PBST between each reaction. Following an additional three washes in 0.02% PBST, sections were mounted and dried on Fisher Superfrost Plus slides, dehydrated in 95 and 100% alcohol washes, dipped in xylene and then coverslipped with Permount. Selected sections were counterstained with neutral red before coverslipping.
c-Fos antisera
Sections were processed for Fos-LI using two different rabbit polyclonal anti-c-Fos antibodies. One (catalog #SC-52, lot #H0806, working dilution 1:10,000, n ϭ 6; Santa Cruz Biotechnology) was prepared against a peptide mapping to residues 3-16 of the c-Fos p62 protein of human origin. The antiserum stains a single band at 62 kDa on Western blot using rat brain tissue (manufacturer's technical information). The other c-Fos antibody (Ab-5, catalog #PC38, lots #D00029671, D00058535, D00085644; working dilution 1:10,000, n ϭ 35 Calbiochem) was prepared against a peptide mapping at residues 4 -17 of the human c-Fos protein. This antiserum stains a single band at ϳ50 -55 kDa as observed by Western blot analysis of fibroblastlike BHK 21 C13 cells (Archer et al., 1999) . Both antibodies had virtually identical patterns of staining and produced similar quantitative results. A three-way ANOVA of the total number of cells for each genotype showed no significant difference between antisera (F (1,8) ϭ 0.34, p ϭ 0.58). Thus, c-Fos cell counts for each antibody for each genotype were included together.
Microscopic analysis
Reference images of brainstem sections were photographed at 10ϫ magnification using Q Capture software (QImaging) with a monochrome Q-imaging camera on an Olympus BX41TF microscope. Brightness and contrast of photographs were optimized using Adobe Photoshop 9.0 using the levels and sharpen image tools. However, these images were then printed out and used only for reference, as all actual cell counting was done using the original coverslipped slides viewed on an Olympus BH-2 microscope. Cells were counted if the cell nucleus was elliptical and significantly darker than the background, as judged by the observer. Cases were counted only when substantial Fos-LI was observed in the olfactory bulb, as c-Fos expression is robust in the olfactory bulb in all animals (Guthrie et al., 1993) . Three double-blind observers counted the labeled cells in the nTS. To establish inter-rater reliability, all observers counted a subset of seven randomly selected sections. The intraclass correlation coefficient between raters was calculated in SPSS 16.0 (SPSS) to establish the correlation between the three raters' counts. This analysis showed an intraclass correlation of 0.95, indicating that the cell counts of all three raters were highly correlated. Thus, cell counts from all three observers were included together in the final dataset.
Representative levels of the nucleus of the solitary tract
To fully examine c-Fos expression in the nTS, we used a counting approach adapted from King et al. (1999) and Chan et al. (2004) . The number of c-Fos-positive cells was quantified in six subfields of the nTS in each coronal plane (medial-mid-lateral each and dorsal-ventral tiers) and nine rostrocaudal levels.
The boundaries of the nTS were outlined in unstained tissue for the majority of cases. However, tissue from adjacent sets was stained with neutral red (1%; Mallinckrodt Baker) for a subset of cases (n ϭ 3) to confirm nTS boundaries and ensure consistent delineation of the nTS.
Statistics
Data are presented as group means Ϯ SE. Data were analyzed using appropriate one-, two-, or three-way ANOVAs (Statistica; StatSoft), with repeated measures for within-subjects effects where applicable. Tukey's honest significant difference tests were used to assess statistically significant (p Ͻ 0.05) main effects or interactions.
Cell counts. To test whether cells had similar sizes in the WT and P2X-dblKO mice, the nuclear diameter of c-Fos-positive cells was mea- The gray shading indicates areas of taste and orosensory presence based on previous studies on central projections of the chorda tympani, glossopharyngeal, greater superficial petrosal nerves, the trigeminal nerve, and electrophysiological recordings (Whitehead and Frank, 1983; Travers, 1993; Travers andNorgren,1995; HallockandDiLorenzo,2006; McCaughey,2007; WhiteheadandFinger,2008; Corsonetal.,2010 Paxinos and Franklin (2001) .
sured for a subset of cases (n ϭ 6, three of each genotype) using the measure function in ImageJ (NIH). First, nuclear size was measured for 10 cells in each of three nTS levels (r3, i1, and i5; 30 counts total) for each animal. Then, these counts were averaged across the three nTS levels into 10 values for each animal. Since the size of the nucleus was similar between genotypes (7.6 Ϯ 0.9 and 7.4 Ϯ 0.9; one-way ANOVA; F (1,18) ϭ 0.02, p ϭ 0.89), no correction factor was necessary to compare counts from the different conditions or genotypes.
Calculation of tastant-specific Fos-LI. Adopting methodology similar to that used by Schwarz et al. (2010) , we quantified the degree of c-Fos activation that is specific to each tastant as opposed to c-Fos induced merely by drinking. For each subfield at each nTS level, the average number of c-Fos-positive cells induced by drinking water alone was subtracted from the number induced by consumption of a tastant. In this way, we obtained values for tastant (NaCl or MSG)-specific Fos-LI. Furthermore, by subtracting the values for NaCl from the values from MSG, we obtained a measure of glutamate-specific induction of c-Fos, i.e., the difference between the number of cells activated by MSG and the number induced only by the equimolar sodium component. This enabled us to generate heat maps, similar to fMRI activity maps showing the relative level of activation (number of raw or stimulated c-Fos-positive cells) for each subfield of the nTS. This method of visualizing cell activation in the nTS reveals patterns not evident in previous studies (Harrer and Travers, 1996; King et al., 1999; Travers et al., 1999; Travers, 2002; Chan et al., 2004; Travers and Travers, 2007) .
Results
Flavor preference
Before conditioning, neither WT nor P2X-dblKO animals showed a preference for one flavor of Kool-Aid over the other (F (1,6) ϭ 0.63, p ϭ 0.46) (data not shown). Moreover, intake of solutions lacking MSG was similar for WT and KO lines and did not change throughout the course of testing (F (3,18) ϭ 2.33, p ϭ 0.11).
Both WT and P2X-dblKO mice drank significantly more of the MSG-containing solution than of the K alone solution (F (1,24) ϭ 46.6, p Ͻ 0.05). Strikingly, P2X-dblKO animals consumed significantly more K* ϩ MSG than K alone even during their first exposure to K* ϩ MSG (F (1,12) ϭ 12.0, p Ͻ 0.05) (Fig.  1 A, left) . Furthermore, P2X-dblKO mice continued to increase their intake significantly of K* ϩ MSG on subsequent days; P2X-dblKO mice consumed 1.25ϫ more K* ϩ MSG on D10 (fourth trial with MSG) than they did on the first two exposures to MSG (post hoc p Ͻ 0.05). In contrast, WT mice drank significantly less K* ϩ MSG than did P2X-dblKO mice on D6 and D8 (F (1,24) ϭ 9.76, p Ͻ 0.05), although by D10 this amount by was still 1.6ϫ more than that for K alone (p Ͻ 0.05).
Following conditioning, both genotypes learned to associate the paired Kool-Aid flavor with MSG intake, with average preference scores of 0.81 Ϯ 0.05 and 0.89 Ϯ 0.02 for the two test days (D11 and D12, respectively; F (1,24) ϭ 8.37, p Ͻ 0.05; MSG-paired flavor significantly different from flavor alone for both genotypes) (Fig. 1 A, right) . Finally, in both WT and P2X-dblKO mice, this conditioned preference was extinguished by 4 d of postconditioning exposure to Kool-Aid lacking MSG (i.e., D16; F (5,40) ϭ 2.91, p Ͻ 0.05; post hoc p Ͻ 0.05), with an average preference of 0.49 Ϯ 0.05 and 0.51 Ϯ 0.05 (data not shown, p ϭ 0.94) for each Kool-Aid flavor at the end of the extinguishing period. Together, these results suggest that postingestive signaling is intact in the KO mice and, even in the absence of gustatory sensory information, enables these animals to form an association for ingested chemicals.
c-Fos
The overall organization and morphology of the nTS appeared similar in the WT and P2X-dblKO mice. Accordingly, we counted c-Fos-positive cells in a standard series of sections from the two genotypes. The rostrocaudal levels are designated as rostral (r1-r4) and intermediate (i1-i5); situated respectively at Ϫ6. 36, Ϫ6.48, Ϫ6.72, Ϫ6.96, Ϫ7.08, Ϫ7.20, Ϫ7.32, Ϫ7.48 , and Ϫ7.56 from bregma (Fig. 2 ). In accordance with previous studies on central projections of the chorda tympani, glossophyaryngeal, and greater superficial petrosal nerves, the trigeminal nerve, and electrophysiological recordings (Whitehead and Frank, 1983 head and Finger, 2008; Corson et al., 2010) , taste and orosensory information impacts on anterolateral parts of the nTS including (r1-r4) and lateral portions of i1, i2, and i3; whereas visceral representation predominates in posteromedial areas of nTS (i4 and i5) (Norgren and Smith, 1988; Berthoud, 2002) and the medial part of i2 and i3 (Fig. 2 B, gray shading) .
In all cases of both WT and P2X-dblKO lines, oral stimulation by water or a tastant produced more Fos-LI than in unstimulated mice of either genotype. Few c-Fos-positive cells appeared in the nTS of animals that received no oral stimulation (2.2 Ϯ 1.0 counted cells per case for WT; 6.7 Ϯ 3.8 for P2X-dblKO) (Fig. 3) . Moreover, the number of c-Fos-positive cells in unstimulated cases was significantly less than Fos-LI in response to any oral stimulation-water, NaCl, or MSG (range of 251.4 -1233.5 for the three stimuli in WT; 689.7-774.0 for P2X-dblKO; all p Ͻ 0.05). The amount of Fos-LI between unstimulated WT and P2X-dblKO mice was not significantly different (F (1,4) ϭ 1.31, p ϭ 0.32).
Stimulated Fos-LI
The magnitude and pattern of Fos-LI in response to oral stimulation (i.e., water, NaCl, or MSG) was different between WT and P2X-dblKO mice (Figs. 3 and 4) . Although in both genotypes, all stimuli evoked more Fos-LI than the nonstimulated condition, the relative activation differed by taste quality for WT but not for P2X-dblKO mice, i.e., P2X-dblKO mice showed no difference in the amount of c-Fos activation for water, NaCl, or MSG.
In WT animals, the number of c-Fos-positive cells in response to water, NaCl, and MSG was graded with MSG stimulation Ͼ NaCl stimulation Ͼ water stimulation (F (3,17) ϭ 4.76, p Ͻ 0.05; post hoc, p Ͻ 0.05). Strikingly, the number of c-Fos-positive cells in response to water was significantly greater (p Ͻ 0.05) in P2X-dblKO mice than in WT mice (WT: 251.4 Ϯ 45.1; P2X-dblKO: 703.1 Ϯ 115.2). However, this number was similar to that observed across all oral stimuli in P2X-dblKO mice (F (2,16) ϭ 0.15, p ϭ 0.86) (Figs. 3 and 4) . The number of c-Fos-positive cells evoked by each stimulus in P2X-dblKO mice was approximately half the number activated by MSG and approximately equal to the number following exposure to NaCl in the WT animals (p ϭ 0.8, 0.9, and 0.95). The equivalent number of c-Fos-positive cells in response to oral stimuli parallels the inability of P2X-dblKO mice to discriminate by taste between water, NaCl, and MSG (Finger et al., 2005) .
Tastant-specific Fos-LI
Tastant-specific activation (number of c-Fos-positive cells for the tastant minus the average number of c-Fos-positive cells for water) differed significantly between genotypes. Overall, both NaCl-specific and MSG-specific activation was significantly less in P2X-dblKO animals when compared with WT mice (for NaCl: WT: 983 Ϯ 300, P2X-dblKO: 72.6 Ϯ 83.7, F (1,12) ϭ 4.90, p Ͻ 0.05; for MSG: WT: 463.1 Ϯ 155.4, P2X-dblKO: Ϫ13.5 Ϯ 136.1, F (1,10) ϭ 8.55, p Ͻ 0.05) (Fig. 5 B, C) . The low values for NaCland MSG-specific Fos-LI in the P2X-dblKO line reflects the similar levels of activation by water, NaCl, and MSG (Fig. 4) . In contrast, in WT mice, MSG evoked four times the number of c-Fos-positive cells and NaCl evoked nearly three times the number of c-Fos-positive cells than did water.
For a more detailed analysis of the regional distribution of tastant-specific Fos-LI, we compared taste-evoked activation in each subregion and level of the nTS (for details, see Materials and Methods and Fig. 2 ) to water-induced activation (MSG vs water, NaCl vs water) ( Table 1 ). The greatest difference in Fos-LI between WT and P2X-dblKO mice was a loss of tastant-evoked activity in anterolateral nTS-especially in dorsal subregions, in gustatory-responsive parts of the nTS (Fig. 2, gray shading) . In WT but not P2X-dblKO mice, substantial NaCl-and MSGspecific Fos-LI was evident throughout the rostrocaudal extent of However, taste stimulation produced Fos-LI in a graded manner with water Ͻ NaCl Ͻ MSG in the nTS of WT animals. In contrast, Fos-LI across all stimuli (water, NaCl, and MSG) was similar in the nTS of P2X-dblKO animals. ns, Not significantly different; *, each stimulus is significantly different from all other taste stimuli and water, p Ͻ 0.05. Figure 5 . Unlike WT animals, P2X-dblKO mice show little tastant-specific activation in the gustatory nTS. Bar graphs showing the number of tastant-specific Fos-LI (tastant Ϫ average water raw counts) at each level of the nTS in WT and P2X-dblKO animals. A-C, Although water (A) produced significantly more Fos-LI in the nTS of P2X-dblKO mice than in WT mice, both MSG and NaCl stimulationproducedsignificantlylessNaCl-specific(B)andMSG-specific(C)Fos-LI.Thisisattributablelargely to a significant increase in water-induced label and concomitant decrease in tastant-specific Fos-LI at r4, i1, i2, i3, i4, and i5. *, KO significantly different from WT, p Ͻ 0.05. the nTS, including both gustatory and general visceral regions. In particular, both NaCl-and MSG-specific Fos-LI at r4, i1, i2, i3, i4, and i5 were significantly less for P2X-dblKO than WT mice (NaCl: F (8,96) ϭ 3.49, p Ͻ 0.05; MSG: F (8,80) ϭ 3.48, p Ͻ 0.05; post hoc all p's Ͻ 0.05) (Fig. 5 B, C) .
Furthermore, the topography of Fos-LI within each nTS subfield (dorsal-ventral, medial-lateral) was different between tastants as well as genotypes. In WT animals (Fig. 6C) , MSG-specific Fos-LI in the anterior (gustatory) nTS was greatest in the r4 and i1 dorsal mid subfields (F (8,760) ϭ 1.51, p Ͻ 0.05; post hoc comparisons all ps Ͻ 0.05)-areas that receive primary gustatory afferent input from the chorda tympani and glossopharyngeal nerves (Whitehead and Frank, 1983) . However, the area of highest activation shifted to include medial subfields at more caudal, nongustatory nTS levels (i3 and i4; post hoc ps Ͻ 0.05) (Fig. 6C, left) .
In contrast, in the gustatory nTS of WT mice, NaCl-specific Fos-LI was approximately half that following MSG stimulation. Moreover, the pattern of NaCl-specific Fos-LI was different from that observed in response to MSG stimulation, with the greatest area of NaCl-specific activation occurring more posteriorly (e.g., i3) and medially (F (8,760) ϭ 1.51, p Ͻ 0.05; post hoc comparisons, p Ͻ 0.05) (Fig. 6 , B, C, left; Table 1 ) than for MSG.
At rostral levels of the nTS of P2X-dblKO mice, both NaClspecific and MSG-specific Fos-LI was comparatively even across subfields. However, in the visceral nTS, there was significant activation in the dorsal medial and dorsal mid subfields (NaCl: F (40,440) ϭ 0.81, p Ͻ 0.05; MSG: F (40,440) ϭ 1.44, p Ͻ 0.05; post hoc all ps Ͻ 0.05) (Fig. 6 B, C, right; Table 1 ). These patterns were even more apparent when comparing glutamate-specific (MSGNaCl) induction of Fos-LI in WT and P2X-dblKO mice (Fig. 6 D) . Finally, tastant-specific spatial patterns of activation in the more caudal nTS were similar between WT and P2X-dblKO mice, although the amount of activation in KO mice was less than that of WT mice, suggesting that P2X2/3 receptors may be involved in, but are not necessary for, postingestive detection of nutrients. These results are summarized in Table 1 .
In summary, in P2X-dblKO mice lacking taste abilities, c-Fos expression in the gustatory nTS is not tastant-specific, i.e., all tastants and water evoke similar levels and patterns of c-Fos expression. In contrast, in the gustatory nTS of WT mice, Fos-LI expression is tastant-dependent; MSG evokes the most c-Fos expression and NaCl induces more than water. Moreover, the pattern of c-Fos induction in the gustatory nTS in WT mice, but not KO mice, was quality-dependent; MSG and NaCl produced different patterns of activity. In the caudal, viscerosensory component of the nTS in both WT and KO mice, MSG and NaCl evoke significantly more taste-specific Fos-LI than water alone [and includes areas previously identified by Gottlieb et al. (2006) as NaCl-responsive], suggesting that detection of nutrient-specific, postingestive cues relies on mechanisms not dependent on P2X2-or P2X3-mediated transmission of information.
Discussion
Overconsumption of calorie-rich foods contributes significantly to the development of obesity. In this respect, understanding gustatory and postingestive cues for food intake is (Whitehead and Frank, 1983; Norgren and Smith, 1988; Travers, 1993; Travers and Norgren, 1995; Hallock and Di Lorenzo, 2006; McCaughey, 2007; Whitehead and Finger, 2008; Corson et al., 2010) . A-D, In WT mice, water produced little raw Fos-LI (A); however, NaCl (B), MSG (C), and glutamate (D) stimulation produce different tastant-specific (raw count for each taste minus the average water response for each subregion for each genotype) spatial patterns of activation in WT animals (left), especially within rostral (gustatory) nTS. In P2X-dblKO mice, water produced significantly more Fos-LI (A, right) than it did in WT animals. However, tastant-specific Fos-LI in response to taste stimulation was virtually absent in rostral nTS areas in KO mice (B-D, right) . Despite the absence of tastant-induced c-Fos signal in rostral nTS in P2X-dblKO mice, significant quality-related Fos-LI remained in caudal (visceral) nTS areas. *, Significantly different from water-evoked Fos-LI within each genotype; ‡, MSG-evoked c-Fos expression significantly different from NaCl-evoked c-Fos expression.
crucial since both types of cues influence food intake. This study reveals that postingestive cues of food quality can drive ingestive behaviors even in the absence of appetitive taste cues. Furthermore, this postingestive quality information is represented in the posterior, viscerosensory reaches of the nucleus of the solitary tract. Animals can form a preference for a taste or flavor using only postingestive feedback signals (Sclafani, 1988; Lucas and Sclafani, 1989; de Araujo et al., 2008; Uematsu et al., 2009 Uematsu et al., , 2010 . This is noteworthy because although the gustatory nerves of mice that lack the P2X2/P2X3 receptor subunits are unresponsive to all taste stimulation (Finger et al., 2005) , P2X-dblKO mice do show residual behavioral responses to concentrated taste solutions ). These residual preferences arise from nongustatory, postingestive information, which appears largely intact in P2X-dblKO mice.
In fact, investigation of postingestive detection of nutrients in P2X-dblKO mice has the added advantage of complete elimination of gustatory neural input. This is in contrast to other KO mouse models that show partial taste impairments coupled with potential impairments of postingestive detection of nutrients. T1R3 KO mice show decreased sweet taste sensitivity (Damak et al., 2003 ; but see Delay et al., 2006) , but still develop sucroseconditioned flavor preferences (Sclafani et al., 2010) , suggesting multiple mechanisms for sweet taste exist. Additionally, although taste input is absent in P2X-dblKO mice, it appears that visceral function is normal. Thus, investigations of P2X-dblKO mice enable the determination of the interplay between taste, oral sensation, and feeding/flavor preferences without the use of surgical manipulation or direct injection of nutrient into the gut, thereby bypassing oral processing, which may be necessary for the functional breakdown of nutrients, including fats and sugars (Niijima et al., 1990; Teff, 2000; Potier et al., 2009; Stratford and Contreras, 2009) .
We found that postingestive detection of glutamate is intact in P2X-dblKO mice. Moreover, as observed in previous studies, this detection involves activation of posterior, viscerosensory parts of the nTS, rather than its anterior gustatory areas (Potier et al., 2009; Uematsu et al., 2010) . We find the rostral nTS of P2X-dblKO mice is equally responsive to oral stimulation by all compounds tested (water, NaCl, and MSG), whereas these stimuli produce distinct, but partially overlapping patterns of activation in the rostral nTS of WT animals. Together, these findings suggest that postingestive feedback signals are sufficient to drive nutrient preferences and that these preferences are at least partially mediated by brainstem circuits.
Detection of nutrients in the gut involves many (Raybould, 2010) of the same receptors and downstream elements important for taste transduction within taste buds. The glutamate taste receptors T1R1, T1R3, and mGluR1 are involved in the detection of glutamate in the stomach (Hass et al., 2010; Nakamura et al., 2010) . Moreover, Trpm5, a g-protein coupled cation channel necessary for the transduction of sweet, bitter, and umami (savory) taste information, is also found within duodenal enteroendocrine cells (Kokrashvili et al., 2009) . Thus, taste and interoception share common receptors and mechanisms for transduction, which may be involved in their common goal of detecting nutrients-first in the oral cavity and later in the gut. Despite commonality in transduction between taste buds and the gut, transmission of this information to afferent systems is clearly different. Deletion of the P2X3 and P2X3 receptors completely blocks taste transmission via gustatory nerves but leaves interoceptive detection intact. Brain responses to glutamate require vagal nerve transmission (Uematsu et al., 2010) , whereas brain activation in response to ingested glucose does not (de Araujo et al., 2008) . Since P2X-dblKO mice can respond to ingested MSG, transmission from glutamate-detecting gut receptors to the vagus nerve does not use P2X2 and P2X3 receptors that are essential for taste transmission.
MSG-evoked conditioned flavor preference
Consistent with previous studies (Colucci and Grovum, 1993; Uematsu et al., 2009 Uematsu et al., , 2010 , signaling evoked by postingestive detection of MSG was sufficient for mice to learn to associate ingestion of MSG with a distinct flavor (i.e., grape or cherry). More importantly, P2X-dblKO mice developed a preference for a flavor solely by visceral detection of MSG-as P2X-dblKO animals cannot taste MSG (Finger et al., 2005) . Interestingly, although both groups of mice learned to associate a flavor with the postingestive effects of MSG, P2X-dblKO animals consumed significantly more of the MSG-containing solution than did WT animals even during their first conditioning experience with the K* ϩ MSG solution (Fig. 1A, D4 ). This suggests that postingestive signaling in P2X-dblKO mice may be more salient than in WT mice-perhaps because P2X-dblKO mice must rely solely on postingestive cues since the mice are unable to use gustatory information to form food preferences. Alternatively, loss of P2X receptors in the nTS, including those on primary gustatory and viscerosensory nerve terminals (Yao et al., 2001) , could result in altered responsiveness of central viscerosensory nuclei.
Taste quality representation in nTS
The pattern and degree of gustatory-evoked Fos-LI in the nTS is related to taste quality. Quinine and other bitter tastants activate neurons in the medial third of the nTS, whereas sucrose activates nTS neurons situated more laterally (Harrer and Travers, 1996; King et al., 1999; Travers et al., 1999; Travers, 2002; Chan et al., 2004; Travers and Travers, 2007) . In our study, MSG (and via subtraction for NaCl-specific Fos-LI, glutamate) activates neurons in the dorsal mid region of the rostral (e.g., gustatory) portion of the nTS of WT animals. No such quality-specific activation is seen in P2Xdbl-KO animals.
Moreover, in WT mice, NaCl stimulation evoked approximately half the amount of Fos-LI compared with MSG with the greatest amount of NaCl-evoked Fos-LI occurring in nTS levels caudal and lateral to those areas activated maximally by MSG (e.g., i3 and i4 vs r4 and i1). Given that visceral, nongustatory representation predominates in posterior nTS, the Fos-LI response to NaCl at more caudal nTS levels may reflect activation of visceral afferent systems by the Na ϩ consumption. It should be noted however, that the ingested NaCl solution in our experiment was isotonic, so there should have been little osmotic load associated with consumption of this solution. Conversely, MSG activates both anterior, gustatory as well as posterior, nongustatory portions of the nTS, suggesting that the glutamate component activates both gustatory and visceral afferents.
The lack of a substantial c-Fos response to NaCl in rostralmost nTS points out the limitations of the c-Fos technique. NaCl stimulation clearly evokes electrophysiological responses in rostral parts of the nTS (Travers and Norgren, 1995; McCaughey, 2007; Kang and Lundy, 2010; Chen et al., 2011) , suggesting that c-Fos expression does not entirely coincide with electrical activity. Thus, lack of c-Fos reactivity does not necessarily indicate an absence of responsiveness. On the other hand, the differential activation of c-Fos by different stimuli, and absence of c-Fos in the unstimulated condition, supports the utility of this method in demonstrating the location and distribution of activated neurons. The great advantage of using c-Fos as a marker of neuronal activity is that it is a noninvasive technique capable of reporting activity in awake, behaving animals. Moreover, c-Fos expression offers a means for obtaining a detailed anatomical map of activity patterns, as was the case in the current study.
Quality-specific activation in KO mice
Loss of taste input to the nTS though deletion of the purinergic P2X2/P2X3 receptor subunits resulted in a corresponding loss of tastant-specific Fos-LI in anterior, gustatory parts of the nTSespecially in the dorsal tier. This correlates with the inability of these KO mice to perform quality-dependent taste behaviors. Despite the absence of quality-specific activation of gustatory nTS in P2X-dblKO mice, quality-dependent Fos-LI was evident in posterior, viscerosensory nTS. Although the relative amount of Fos-LI in the posterior nTS of P2X-dblKO mice was less than that seen in the nTS of WT mice (Fig. 5) , the pattern of activation within each caudal nTS level was similar between WT and P2X-dblKO mice (Fig. 6 ). This further indicates that interoceptive, nongustatory signaling within the nTS is still functional in P2X-dblKO animals.
Together, these results provide the first evidence that postingestive signaling can drive nutrient intake in P2X-dblKO mice that lack taste function. In the absence of gustatory sensory information, these KO mice use postingestive information to develop preferences for flavors and nutrients. Further, our use of a novel method to visualize tastant-evoked central brain activation more clearly shows the chemotopic map within the nTS in WT mice. In particular, our study is the first to document MSG-specific Fos-LI in the nTS and the first to demonstrate NaCl-specific Fos-LI (e.g., the difference in NaCl-specific c-Fos expression between WT and P2X-dblKO mice) in anterior, gustatory nTS. The addition of these patterns of Fos-LI will contribute significantly to future nTS coding models and also illustrate the necessity of thorough characterization of tastant-specific activity within the nTS.
